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In this study, CD/ZnO nanohybrids were synthesised by a simple, one-pot, cost-effective method 
and their structure and properties were investigated by physicochemical methods. The CD/ZnO 
nanohybrid exhibits excellent sunlight induced photocatalytic and antibacterial activity validating 
the development of remarkably efficient catalytic systems and effective bactericidal agents. The 
IV measurements of CD/ZnO nanohybrid shows over 12-fold increase in photocurrent compared 
to ZnO, opening pathways for the fabrication of efficient light harvesting system. Electrochemical 
property measurements demonstrate that CD/ZnO nanohybrid has large integral area of cyclic 
voltammetry loop, demonstrating their potential for supercapacitor applications. The study 
presents green chemistry strategy for the synthesis of CD/ZnO nanohybrids which exhibit 
multifunctionalities due to the synergy between CD and ZnO. The findings of the study 




















































































 Modern society faces humongous challenges both in terms of rapidly growing energy 
demand and environmental protection, due to declining reserve of environmentally unfriendly 
fossil fuels, increasing population and global warming (1). Development of new sustainable 
technologies has become indispensable (2). To ameliorate the problem of energy crisis and 
pollution, the scientific community have focussed on creating new functional nanomaterials and 
technologies. In particular, state-of-art in hybridizing nanomaterials has been demonstrated to be 
a dexterous and dynamic strategy as it leads to synergistic effects that couple the finest advantages 
of associated ingredients and accord with new unusual attributes in addition to their intrinsic 
properties (3). In the realm of newly developed functional materials, nanocomposites comprising 
carbon nanostructures and metal oxide nanoparticles emerged as excellent candidates for the 
fabrication of novel class of devices for emerging applications from high energy depository and 
conversion, solar cells, environmental remediation, catalysis, sensors to electronic devices (4-16). 
 Carbon dot (CD) is a zero-dimensional, relatively new associate of carbon family with 
closely arranged carbon atoms and alluring photo luminescent properties (17, 18). CDs have been 
explored extensively considering their virtues such as ease of synthesis from any abundantly 
available carbon rich matrix, strong photoluminescence, chemical stability, superior water 
solubility, strong chemical inertness, ease of chemical functionalization, biocompatibility, little 
photobleaching, and low cost (19). Based on the fluorescence and biocompatible properties, 
applications such as photocatalysts, organic photovoltaics, bio-imaging, and biosensors have been 
explored. Recently CDs have been employed in applications such as solar cells, LEDs, 
photodetectors and sensors due of their homogenous shape, tuneable surface chemistry, and 
extremely small size with high specific surface area, and optical and electronic properties (20). 








































































CDs are also thought-out as recent environmentally safe material for electrodes (21) to enhance 
the ionic motion, electron transport, and increase the junction area amid electrode and electrolyte 
in supercapacitors (22, 23). Besides aforementioned properties, mesoporous surface will make CD 
an outstanding member due to high surface area, abundant pore volumes, controllable pore sizes 
and shapes and other nano-attributes for a multitude of sustainable applications (24). 
 Zinc oxide (ZnO) has been an assuring n-type semiconductor due to its wide bandgap 
(approximately 3.37eV), large exciton binding energy (approximately 60meV), long term stability, 
good electrical and optical properties, low-cost, non-toxicity, and ease of preparation. It has been 
explored for a variety of applications such as photocatalyst, LEDs, photovoltaic units, UV 
detectors, gas, chemical and biosensors (25-28). However, the large bandgap of ZnO limits its 
application in light harvesting. Owing to photocorrosion and rate of recombination of photo-
induced electron hole pairs, their real time application as a photocatalyst is still challenging both 
technologically and fundamentally. These limitations could be resolved by bandgap engineering 
and enhancing the optical properties of ZnO to visible spectrum (29). ZnO could be promising for 
supercapacitors owing to their large surface area and pseudo-capacitance through Faraday redox 
reaction but it suffers during the charge/discharge step from low rate capability and reversibility 
during the charge/discharge procedure (30). 
 Hybrid hetero-nanostructures formed by combining mesoporous CD and photo 
luminescent ZnO could be the best strategy to overcome the limitations of individual components 
and bestow the hybrid with improved properties (31). For instance, doping of mesoporous CD with 
ZnO could alter the band gap because of transfer of charge from CD to ZnO and thus augments 
the charge separation, enabling photocatalytic and photovoltaic applications (32). With respect to 
supercapacitors, double-layer capacitance of mesoporous CD and pseudo capacitance of ZnO 






































































could enhance the total capacitive performance (21, 23). To the best of authors’ knowledge, this is 
perhaps the first study on hybridizing mesoporous CD with ZnO nanorods to assess their potential 
for a multitude of applications such as visible light photocatalysts, solar cells, supercapacitors and 
antibacterial materials. 
 In this study, we demonstrate a simple route for the synthesis of CD/ZnO nanohybrid 
complying with green chemistry principle. The as-prepared CD/ZnO nanohybrid manifests CD 
with mesoporous morphology and spherical shape of diameter ~50 nm and rod shaped ZnO with 
a diameter of around 50 nm and length of 200-250 nm. The optical attributes were studied by UV-
vis and PL spectra. A methodological investigation of photocatalytic and antibacterial activity 
towards degeneration of methyl orange dye and E.coli bacteria, respectively was carried out in the 
presence of CD, ZnO and CD/ZnO nanohybrid under visible light and the nanohybrid exhibits the 
excellent results. The IV characteristics and electrochemical properties were also studied to assess 
the potential of CD/ZnO nanohybrid for energy applications. 
Experimental methods 
Chemicals 
The date palm fronds (DPFs) harvested from Masdar City landscapes in Abu Dhabi, UAE were 
dried in open atmosphere to obtain dry matter (total solid content of approximately 92%). DPFs 
were compressed into particles of size less than 2 mm using IKA Werke MF 10.1 mill and stored 
in zipper bags. Zinc nitrate hexahydrate was purchased from Sigma Aldrich and used as such. 
Deionized water with resistivity 15 MΩ-cm was used for the entire analysis. 
Synthesis of CD, ZnO and CD/ZnO nanohybrids 
The CDs were synthesized by pyrolysis (300 °C ) of  DPFs following our previous report (24). The 
ZnO is made by simple thermal decomposition of Zinc nitrate hexahydrate at 350°C for 3h and 






































































used as obtained. The CD/ZnO nanohybrids were prepared by the addition of 1g of ZnO into 10 
ml aqueous solution containing CD (0.2g) followed by stirring at 350 rpm for 2 h. The resultant 
solution was then centrifuged at 9500 rpm to remove any unreacted CD and dried. 
Characterization of CD, ZnO and CD/ZnO nanohybrids  
The structural study of CD and ZnO were conducted using a Quanta 250 ESEM, UK by coating 
with Au of 10 nm thickness. A transmission electron microscopy (TEM) study for CD and 
CD/ZnO nanohybrids was done in Tecnai TF20, 200 kV instrument. The XRD experiments of 
CD/ZnO nanohybrids were performed on XRD PANalytical Empyrean. The UV-Vis and 
photoluminescence (PL) spectrum studies were conducted on a UV/Vis spectrophotometer thermo 
scientific genesys 10 S and LS-55 fluorescence spectrometer, respectively. The semiconductor 
behavior of ZnO and CD/ZnO nanohybrid were investigated by two-probe method using probe 
station (CASCADE, USA). Electrochemical properties were measured using a conventional three-
electrode experimental cell equipped with a standard calomel reference electrode, working 
electrode, and a platinum foil counter electrode. All electrochemical measurements were carried 
out with 0.10 M Na2SO4 as electrolyte and the cyclic voltammetry (CV) curves were recorded on 
electrochemical work station (CHI600, CH Instruments, USA). 
Photocatalytic experiments 
To demonstrate the visible light photocatalytic activity of CD, ZnO and CD/ZnO, 0.1 mg of methyl 
orange (MO) model dye was supplemented into 10 ml water with 0.1 mg of CD, ZnO and CD/ZnO 
nanohybrid, respectively and stirred in the dark for 30 min to attain equilibrium and irradiated with 
sunlight. Jasco V-650 UV–visible spectrophotometer was used to measure the concentration of 
MO from 2ml of sample taken out every 60 mins. 
 








































































Antibacterial activities of CD, ZnO and CD/ZnO nanohybrids were evaluated against E. coli by 
optical density measurements. In the 96 well plate, 170 μL of bacterial suspension was dropped 
into 30 μL CD, ZnO and CD/ZnO nanohybrids (50 μg/ml), respectively and exposed to 50 W LED 
light. The optical density measurement was used to assess the viability of cells and the structure 
of bacteria after 6 h treatment with CD/ZnO nanohybrids. 
Results and discussion 
 
Fig 1. Schematic of the synthesis route of CD/ZnO nanohybrids. 
 The synthesis of CD/ZnO nanohybrids involves mixing and sonication of CD and ZnO 
nanorods, centrifugation, washing and drying. The attachment of mesoporous CD onto ZnO 
nanorods matrix is achieved through non-covalent intermolecular interactions such as charge - 
transfer interactions and van der Waals forces (33). These interactions at the interface of CD and 
ZnO could play a vital role in bestowing the CD/ZnO nanohybrids with synergistic properties. 









































































Fig 2. (a) FESEM image of ZnO nanorods, and TEM images of (b) CD, (c) and (d) CD/ZnO 
nanohybrids. 
Fig 2a shows the SEM image of ZnO nanostructures exhibiting rod like morphology. The ZnO 
nanorods are nearly uniform with a typical diameter of around 50 nm and length of 200-250 nm. 
Their structure appeared to be defect-free. TEM image of CD reveals (Fig 2a) spherical 
morphology with uniform size, mesoporous surface, excellent dispersion and an average 








































































diameter of 35nm. The monodisperse nature of CD with hydrodynamic diameter of 1575 nm was 
confirmed from dynamic light scattering study. In TEM images of CD/ZnO nanohybrids, the 
apparent contrast between CD and ZnO nanorods demonstrate strong evidence for the formation 
of CD/ZnO nanohybrids. The intimate contact of CD on ZnO illustrates the interactions between 
them and is expected to improve the properties of CD/ZnO nanohybrids. 
 
Fig 3. XRD pattern of CD/ZnO nanohybrids. 
 
The XRD pattern of the CD/ZnO nanohybrid is presented in fig 3. It manifests peaks of ZnO 
nanorods at 2Ɵ = 28.4˚, 31.6˚, 36.3, 47.7˚, 56.6˚, 62.8˚, 66.3˚, 68.1˚, 69.1˚, 75.6˚, 77.2˚ which 
could be accredited to (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and (202) 
crystalline planes of hexagonal ZnO wurtzite structure (JCPDS No. 396-1451), respectively. The 
peak at (101) plane describes that the preferred orientation of ZnO nanorods is along (101) 
crystalline plane. The peak at 2Ɵ = 25.5˚ could be accounted for (002) graphitic plane from 







































































amorphous CD (25). The results confirmed the presence of amorphous CD and crystalline ZnO in 
CD/ZnO with no apparent impact on the purity and crystallinity of the nanohybrids. 
 
Fig 4. (a) Absorption spectra of CD, ZnO and CD/ZnO nanohybrid in water and (b) 
photoluminescence spectra of CD, ZnO and CD/ZnO nanohybrid in water. 
Fig 4 epitomizes the absorption and emission spectra of CD, ZnO and CD/ZnO nanohybrid in 
water. In fig 4a, the UV-vis spectrum of CD in water shows a clear band of absorption at 
203nm which could be accredited to the π-π* changeover of the aromatic sp2 hybridized 
carbon core of mesoporous CD (bandgap = 5.01 eV )(34) whereas ZnO nanorods have 
absorption at 375 nm (35). The absorption spectrum of CD/ZnO nanohybrid shows the 
absorption band of both CD and ZnO, while the ZnO has an absorption cut-off edge at 
396nm, featuring a red shift. This shift could be ascribed to the interaction of 
mesoporous CD on ZnO nanorods and thus extending the absorption edge to visible 
regime from UV. The doping of ZnO with mesoporous CD which comprises only C, 
would have established an intermediate energy level just above the valence band of ZnO 








































































and decreased the band gap (36). At room temperature, PL of mesoporous CD (fig 4b), 
photo excited at 205nm, revealing a predominant emission peak at 475nm due to 
bandgap transitional changes in the conjugated π-domains. The PL spectra of pure ZnO 
excited at 396 nm emits around 500 nm which is generally accredited to stoichiometry 
related defects, zinc vacancies, along with interstitial zinc and structural defects  (37). 
PL spectra of CD/ZnO nanohybrids show photoluminescence at 525 nm when excited at 
475nm with red shift and increased intensity. The luminescence with increased intensity 
could be due to the maximum interfacial contact between CD and ZnO nanorods, which 
plays a part in the establishment of the surface defects and thus contributing to intense 
photoluminescence (38). The red shift supports the electron transfer from ZnO nanorods 
to CD (39). Hence, fig 4 illustrates electron and energy transfer from ZnO to CD due to 
the interfacial contact, playing an influential part in exemplifying the properties of the 
CD/ZnO nanohybrids. 








































































Fig 5. (a) Visible light catalysed decomposition of MO dye by CD, ZnO and CD/ZnO 
nanohybrid , and (b) reusability of CD/ZnO nanohybrids. 
 The visible light catalysed degradation of MO dye by CD, ZnO and CD/ZnO nanohybrid 
is illustrated in fig 5a. It shows that over 90 % of MO was decomposed by CD/ZnO nanohybrid 
within an hour and hence featuring an excellent photocatalytic activity compared to its individual 
constituents. The improved photocatalytic activity could be due to better dispersion of CD onto 
ZnO nanorods, improving photo absorption limit in the visible specturm of light. The photocatalyst 
reusability is one of the assets of heterogeneous catalyst and therefore we assessed the stability of 
photocatalyst over 5 cycles as shown in fig 5b. There is no significant decrease in photocatalytic 
activity and hence CD/ZnO could serve as stable and reusable visible light photocatalyst. 
 The detailed  mechanism for improved visible light catalytic activity of CD/ZnO 
nanohybrid could be derived as follows: First the mesoporous CDs adsorb the dye molecules due 
to its high adsorption capacity, then with  irradiation, photo-induced electron transfer occurs from 
ZnO to CD while hole stopovers structurally and electronically near ZnO which can efficaciously 
impede the electron-hole pair recombination and reduce interfacial transfer time and thus 







































































photodegrade the organic dye adsorbed onto CD (5). Shortly, the exemplary sunlight driven 
photocatalytic activity of CD/ZnO nanohybrid is perhaps, due to attributes such as high adsorption 
capacity of CD, charge separation and efficient interfacial charge transfer.  
 
Fig 6. Proliferation profile of E.coli treated with CD, ZnO and CD/ZnO nanohybrid under 
light with incubation period and (b) SEM image of E. coli post 6h treatment with CD/ZnO 
nanohybrid. 
Fig 6a illustrates the development curves of E.coli under visible light in medium loaded with 
CD, ZnO, and CD/ZnO nanohybrid at different time intervals. The control experiment with  no 
nanoparticle showed highest bacterial growth, indicating that visible light radiation alone could 
not control bacterial growth. Under visible light radiation, CD/ZnO nanohybrid has exemplary 
antibacterial activity compared to CD and ZnO. Thus, the line of antibacterial activity against 
E.coli under visible radiation is CD<ZnO<CD/ZnO. As shown in fig 6b, the morphology of 
E.coli treated with CD/ZnO for 6 h under visible light demonstrates that the cell wall was 
corrugated and break open resulting in endoplasmic spill over with serious alteration in structure 
of bacterial cell emanating cell death. The phenomenal photo-enhanced antimicrobial activity 







































































of CD/ZnO nanohybrid is perhaps on the grounds of synergy between CD and ZnO and reactive 
oxygen species production through effective interfacial charge transfer from ZnO to CD. The 
detailed mechanism of cell death by CD/ZnO nanohybrids could be explained as follows: 
Absorption of light results in electron-hole pair production due to excitation from ZnO to CD, 
where photo excited electrons present in the conduction band reduces dissolved oxygen in the 
system to superoxide radicals, whereas the hole loaded at valence band combines with water 
physically captivated on the oxide surface and produces hydroxyl radicals, hydrogen peroxide, 
and/or protonated superoxide radical. These ROS thus authoritatively result in cell death 
through cell wall rupture and endoplasmic spill over (40). 
 
Fig 7.Typical IV characteristics of ZnO and CD/ZnO nanohybrids under illumination. 
The I-V characteristics of ZnO and CD/ZnO nanohybrids under illumination were studied to 
augment and envisage the intricate photocatalytic degradation mechanism of nanohybrid as 
presented in Fig 7. Compared to ZnO, the CD/ZnO nanohybrid demonstrates ~12 times increased 








































































photocurrent due to the synergy between CD and ZnO in the nanohybrid. This proves that upon 
visible light irradiation, photo-induced electron transfer takes place from ZnO to CD while hole 
halts electronically and structurally near ZnO. This could efficaciously impede the electron-hole 
pair recombination and reduce interfacial transfer time, bestowing the best photocatalytic 
efficiency (41). Additionally a 12 fold increase in photocurrent could open up promising strategy 
for designing light harvesting system based on sustainable CD/ZnO nanohybrids (42). 
 
 
Fig 8. CV curves of (a) CD and ZnO nanorods and (b) CD/ZnO nanohybrids at the scan rate 
of 100 mVs-1. 
To explore the synergistic effects of CD and ZnO, we studied electrochemical performances of 
CD, ZnO and CD/ZnO nanohybrid. Fig 8a shows box shaped CV curve of CD signifying excellent 
charge propagation at the surface of electrode (23), whereas ZnO nanorod (fig 8a) shows 
anamorphic CV response owing to internal resistance of the electrode and pseudo capacitance (43). 
Fig 8b shows that the CV curve of CD/ZnO nanohybrid is neither box type nor anamorphic but 
has the largest integral area within the loop justifying the positive synergistic effects of CD and 








































































ZnO.. The CV curve of CD/ZnO nanohybrid is the resultant of synergism of electrical double layer 
capacitance and pseudo capacitance due to the reaction between ZnO and electrolyte, i.e., the 
intercalation and deintercalation of Na+ from electrolyte into ZnO. In addition, the large surface 
area could have increased the sufficient liquid-solid interfacial area and the unique structure of 
CD/ZnO nanohybrid could have facilitated the rapid transfer of electrons amidst the active 
materials and charge collector leading to enhanced supercapacitance of the nanohybrid (30). These 
results evidence the good electrochemical behaviour of CD/ZnO nanohybrids which make them 
potential electrode material for supercapacitors. 
Conclusions 
 We have successfully synthesized CD/ZnO nanohybrid via a simple, one-pot, cost-
effective method adhering to green chemistry principles. The morphology, crystallinity, and 
optical physicochemical attributes of CD/ZnO nanohybrid were studied by appropriate analytical 
methodologies. The potential of the CD/ZnO nanohybrid as photocatalyst was demonstrated by 
photocatalytic decomposition of an organic pollutant, methyl orange, under sunlight. They also 
exhibited exemplary photocatalytic antibacterial activity under visible light irradiation. The 
enhanced light driven catalytic activity was due to the production of more free radicals through 
increased separation efficiency. The CD/ZnO nanohybrid manifests a ~12-fold increase in 
photocurrent compared to ZnO nanorods. Furthermore, it exhibited superior electrochemical 
behaviour. The multifunctionalities of CD/ZnO nanohybrid were due to the synergy between CD 
and ZnO and we believe this multifunctional, non-toxic, metal free, highly efficient CD/ZnO 
nanohybrid could be a promising candidate as photocatalyst, visible light bacteriocide, light 
harvesting system and supercapacitor.  
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